Some two-process models for memory by Atkinson, R. C. & Shiffrin, R. M.
TECHNICAL REPORT NO. 107 




(CATEGORY) (NASA C R  OR TMX OR A D  NUMBER) 
SOME TWO-PROCESS MODELS FOR MEMORY 
BY 
R.  C. ATKINSON and R. M. SHlFFRlN 
INSTITUTE FOR MATHEMATICAL STUDIES IN THE SOCIAL SCIENCES 

































INSTITUTE FOR MATHEMATICAL STUDIES IN  THE SOCIAL SCIENCES 
(Place of publication shown in  parentheses. i f  published t i t le Is different hom t i t le  of Technical Report. 
this Is'also shown in  parentheses.) 
D. Davidson, S. Slegel, and P. Supper. Some experiments and related theory on the measurement of ut i l i ty and subjective pobabil i ty. August 15, 
P. Suppes. Note on computing all optimal solutions of a dual linear pogamming problem. November 15, 1955. 
D. Davidsm and P. Suppes. Experimental measurement of ut i l i ty by use of a linear programming model. A p l l  2, 1956. (Experimental test of a 
E. W. Adams and R. Fagot. A model of riskless choice. August 7, 1956. IBehaviaal Science, 1959,4, 1-10) 
R. C. Atkinson. A comparison of three models for a Humphreys-type conditioning situation. November 20, 1956. 
D. Scott and P. Suppes. Foundational aspects of theories of measurement. April 1, 1957. W .  Symbolic Logic, 1958, E, 113-128) 
M. Gerlach. Interval measurement of subjective magnitudes with suhlimlnal dlfferences. A p l l  17, 1957. 
R. C. Atkinson and P. Supper. An ana!ysis of two-person game sitiiations in  terms of statistical learnlng theory. April 25, 1957. g. 3. 
R. C. Atkinson and P. Suppes. An analysis of a two-person interaction situation in  terms of a Markov process. May 29, 1957. (In R. R. Bush 
J. Popper and R. C. Atkinson. Discrimination l ea rn i~q  in a verbal conditioning situation. July 15, 1957. 2. exp. Psychol., 1958, 2, 
P. Suppes and K. Walsh. A non-linear model for the experimental measurement of utility. August 21, 1956. (Behavinal Science, 1959.4, 
E. Adams and S. Messick. An axiomatization of Thurstone's successive intervals and paired comparisons scaling models. September 9, 1957. 
1955. (Experimental test of the basic model, Chapter 2 in  Decision-making: An Experimental Approach. Stanford Univ. Press, 1957) 
linear programming model, Chapter 3 in Decision-making: An Experimental Approach. Stanford Univ. Press, 1957) 
Psychol., 1958, 2, 369-378) 
and W. K. Ester (Eds.), Studies in  Mathematical Learning Theory. Stanford Univ. Press, 1959. Pp. 65-75) 
21-26) 
204-21 1) 
(An axiomatic formulation and generalization of successive intervals scaling, Psychometrika, 1958, 23, 355-368) 
intervals. Psychometrika, 1959,2, 157-168) 
- Science, 1959,4-, 11-18) 
R. Fagot. An ordered metric model of individual choice behavior. September 12, 1957. (A model for ordered metric scallng by comparison Of 
H. Royden, P. Suppes, and K. Walsh. A model f w  the experimental measurement of the ut i l i ty of gambling. September 25, 1957. (Behavioral 
P. Suppes. Two formal models for moral principles. November 1, 1957. 
W. K.  Estes and P. Suppes. Foundations of statistical learning theory, I. The linear model for simple learning. November 20, 1957. (Founda- 
tions of linear models. In R. R. Bush and W. K .  Estes (Eds.), Studies in  Mathematical Learning Theay. Stanford Univ. Press, 1959. 
Pp. 137-179) 
Measurment: Definltion and Theories. New York: Wiley, 1959. Pp. 233-269) 
D. Davidson and J. Manhak. Experimental tests of a stochastic decision theory. July 25, 1958. (In C. W. Churchman and P. Ratoosh (Eds.). 
J. Lamperti and P. Suppes. Chains of lnflnite order and their application to learning theory. October 15, 1958. (Pacific Journal of Mathematics, 
* 1959'2, 739-754) 
P. Suppes. A llnear learning model f w  a continuum of responses. October 18, 1958. (In R. R. Bush and W. K. Estes (Eds.), Studies i n  
Mathematical Learning Theory. Stanfwd Univ. Press, 1959. Pp. 400-414) 
P. Supws. Measurement, emplricai meaningfulness and three-valued logic. December 29, 1958. (In C. West Churchman and P. Ratoosh 
(Eds.), Measurement: Definition and Theories. New York: Wiley, 1959. Pp. 129-143) 
P. Suppes and R. C. Atkinson. Markov learning models for multiperson situations, I. The theory. February 20, 1959. (Chapter 1 in  
Markov Learning Models for Multiperson Interaction. Stanford Unlv. Press, 1960) 
J. Lamperti and P. Suppes. Some asymptotic properties of Luce's beta learnlng model. April 24, 1959. (Psychometrika, 1960, 25, 233-241) 
P. Suppcs. Behavioristic foundations of utility. July 27, 1959. (Econometrica, 1961, 2, 186-202) 
P. Suppar and F. Krasne. Appllcatlon of stimulus sampling theory to sltuatlons involving social pressure. September 10, 1959. (Psychol. 
- Rev., 1961, g, 46-59) 
p. SUPpeS. StlmuluS sampling theory for a COntinuUm of responses. September 11, 1959. (In K. Arrow, S. Karlin, and P. Suppes (Eds.), 
Mathematical Methods in  the Soclal Sciences. Stanford Univ. Press, 1960. Pp. 348-365) 
W. K. Estes and P. Supper. Foundations of statistical learning theory, II. The stimulus samplinq model. October 22, 1959. 
P. Suppes and R. C. Atkinson. Markov learning models for multiperson situations, 11. Methods of analysls. December 28, 1959. (Chapter 2 
R. C. Atkinson. The use of models in  experlmental psychology. May 24, 1960. (Synthese, 1960, g, 162-171) 
R. C. Atklnson. A kncralizatlon of stimulus sampling theory. June 14, 1960. (Psychometrika, 1961,a. 281-290) 
p. SuPpeS and J. M. Carlsmlth. Experlmntal analysis of a duopoly situation from the standpoint of mathematical learning theory. June 17, 1960. 
G. Ewer.  Properties of the Onetlement model as ?pplisd to naired-aq.oc.ate learning. June 29, 1960. (Application of a model to paired- 
----
-----___ 
in Markov Learnlng Models for Multiperson Interactions. Stanford Unlv. Press, 1960) 
(International Economlc Revlew, 1962, 2, 1-19) 
associate Iearnlng, Psychometrlka, 1961.2, 255-200) 
P. Supper. A compatlson of the meaning and uses of models in  mathematlcs and the empirical sciences. August 25, 1960. (Synthese, 1960, 
12, 287-301) - 
34 
35 
P. Supper and J. Zlnnes. Stochastlc leaning theories for a response continuum with nondeterminate reioforcement. OLtober 25, 1960 
P. Suppes and R. Ginsberg. Appllcatlon Of a stimulus sampling model to children's concept formation of binary numbers, with and without an 
(Psychometrlka, 1961,s. 373-390) 
overt correction response. December 14, 1960. (Application of a stimulus sampling model to children's concept formation v:ith and withniit an 
overt correction response, Journal exp. Psychol, 1962, 63, 330-3361 
(Continued on inside back cover) 
SOME TWO-PROCESS MODELS FOR MEMORY 
by 
R .  C .  Atkinson and R .  M. S h i f f r i n  
TECHNICAL REPORT NO. 107 
September 30, 1966 
PSYCHOLOGY SERIES 
Reproduction i n  Whole or  i n  P a r t  i s  Permit ted f o r  
any Purpose of t h e  United S t a t e s  Government 
INSTITUTE FOR MATHEMATICAL STUDIES I N  THE SOCIAL SCIENCES 
i 




A general theoretical framework is developed in which to view memory 
and learning. The basic model is presented in terms of a memory system 
having two central components: a transient-memory buffer and a long-term 
store. Each stimulus item is postulated to enter a constant-sized push- 
down memory buffer, stay a variable amount of time and leave on a probabil- 
istic basis when displaced by succeeding inputs. During the period that 
each item resides in the buffer, copies of the item are placed in the long- 
term store. The remaining feature of the model is concerned with the 
recovery of items from the memory system at the time of test. If at this 
time an item is still present in the buffer, it is perfectly retrieved. 
If an item is not present in the buffer, a search of the long-term store 
is made. This search is imperfect and the greater the number of items in 
the long-term store, the smaller the probability that any particular one 
will be retrieved. The model is applied to a set of experiments on paired- 
associate memory with good success. 
Some Two-Process Models f o r  MemoryL 
R .  C .  Atkinson and R .  M ,  S h i f f r i n  
S tanford  Un ive r s i ty  
A model f o r  memory w i l l  be ou t l ined  i n  t h i s  paper .  The experimental  
framework f o r  which the  model was cons t ruc ted  i s  t h a t  i n  which a s e r i e s  of 
i t ems  i s  presented  t o  t h e  s u b j e c t  who i s  then  requi red  t o  r e c a l l  one or 
more of them. A f a m i l i a r  example i s  the  d i g i t  span t e s t  i n  which the  
s u b j e c t  i s  r equ i r ed  t o  r e p e a t  a s e r i e s  of' d i g i t s  read t o  him. A t y p i c a l  
f i n d i n g  i n  d i g i t  span s t u d i e s  i s  t h a t  performance i s  e r r o r  f r e e  u n t i l  a 
c r i t i c a l l y  l a r g e  number of d i g i t s  i s  reached.  Thus a shor t - te rm memory 
system, c a l l e d  the  "buffer , "  i s  proposed which may hold a f i x e d  number of 
d i g i t s  and al lows p e r f e c t  r e t r i e v a l  of those d i g i t s  c u r r e n t l y  he ld .  E r r o r s  
a r e  made only  when the  number of d i g i t s  presented  exceeds the  capac i ty  of 
t h e  b u f f e r ,  a t  which time t h e  previous d i g i t s  a r e  forced  out  of t h e  b u f f e r .  
We propose,  i n  add i t ion ,  a long-term memory system (abbrevia ted  LTS f o r  
long-term s t o r e )  which al lows items not presenr; i n  t he  b u f f e r  to  be r e c a l l e d  
with some p r o b a b i l i t y  between 0 and 1. Th i s  two-process model w i l l  be 
presented  i n  t h e  f i r s t  p a r t  of the paper  and then appl ied  t o  d a t a  from an 
experiment i n  pa i r ed -as soc ia t e  memory i n  the  second p a r t  of the  paper .  
F igure  1 shows the  o v e r a l l  conception. An incoming s t imulus  i tem 
f i r s t  e n t e r s  t he  sensory b u f f e r  where i t  w i l l  r e s i d e  f o r  on ly  a b r i e f  
p e r i o d  of time and then  i s  t r a n s f e r r e d  t o  t h e  memory b u f f e r .  The sensory 
b u f f e r  c h a r a c t e r i z e s  the  i n i t i a l  i npu t  of the  s t imulus  item i n t o  the  
1 
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Fig. 1. Flow chart  f o r  the general  system. 
l a  
nervous system, and t h e  amount of information t r ansmi t t ed  from the  sensory 
b u f f e r  t o  the  memory bu f fe r  i s  assumed t o  be a f u n c t i o n  of t he  exposure 
t i m e  of t h e  s t imulus  and r e l a t e d  v a r i a b l e s .  Much work has  been done on 
t h e  encoding of shor t -du ra t ion  s t i m u l i  ( ? . g o ,  E s t e s  and Tayior ,  1964; 
Mackworth, 1963; 
paper a r e  concerned wi th  s t imulus  exposures of f a i r l y  long d u r a t i o g  (one 
second or more) ,  
through the  sensory bu f fe r  2nd i n t o  the  msmory bu f fe r ;  t h a t  ' i s ,  a l l  i tems 
a r e  assimed t o  be a t tended  t o  arld en te red  c o r r e c t l y  i n t o  the  memory b u f f e r .  
Throughout t h i s  paper ,  then ,  i t  w i l l  be understood t h a t  t h e  term b u f f e r  
r e f e r s  t o  the  memory bu f fe r  and not t h e  sensory bclffer,  Furthermore,  we 
w i l l  n o t  become involved he re  i n  an a n a l y s i s  of what is meant by an "item." 
I f  t h e  word "ca t t1  i s  presented  v i s u a l l y ,  w e  will simply assume t h a t  what- 
eve r  i s  s t o r e d  i n  t h e  memory buffer  (be i t  the  v i s u a l  image of the  word, 
t h e  aud i to ry  sound, or some vec tor  of in format ion  about c a t s )  is s u f f i c i e n t  
t o  permi t  t he  sub jec t  t o  r e p o r t  back the  word "ca t"  I f  we immeaiately ask 
f o r  it., This  ques t ion  w i l l  be re turned  t o  l a t e r .  Re fe r r ing  back t o  
F i g .  1, we see  t h a t  a do t t ed  l i n e  runs from the  bu f fe r  t o  the  "long-t,erm 
s t o r e "  and a s o l i d  l i n e  from the  bu f fe r  t o  the  " l o s t  o s  forgotLen" s t a t e .  
Spe r l ing ,  1960)~ but  the  experiments considered i n  t h i s  
Hence we will assume that, a l i  i tems pass  usceess fu l ly  
T h i s  i s  t o  emphasize t h a t  i t ems  a re  copied i n t o  LTS without  a f f e c t i n g  i n  
any way t h e i r  s t a t u s  i n  the  bu f fe r .  Thus i tems  can be s imultaneously i n  
t h e  bu f fe r  and i n  LTS. The s o l i d  l i n e  i n d i c a t e s  t h a t  even tua l ly  the  i tem 
w i l l  l eave  t h e  b u f f e r  and be l o s t .  The l o s t  s t a t e  i s  used he re  i n  a very 
s p e c i a l  way: a s  soon a s  an i t e m  leaves  the  b u f f e r  i t  i s  s a i d  t o  be l o s t ,  
r e g a r d l e s s  of whether i t  i s  i n  LTS o r  no t .  The b u f f e r ,  i t  should be noted,  
i s  a c l o s e  c o r r e l a t e  of what o t h e r s  have c a l l e d  a "short- term s to re ' '  
2 
(Bower, 1964 ; Broadbenb, 1963; Brown, 1964 ; Peterson ,  1963) and "primary 
memory" (Waugh and Norman, 1956) ., We p r e f e r  the  term buf fe r  because of the  
wide range of a p p l i c a t i o n s  f o r  which the  term shor t - te rm s t o r e  has  been used.  
F igure  2 i l l u s t r a t e s  the workings of t he  memory b u f f e r ,  The p r o p e r t i e s  
of t he  b u f f e r  w i l l  be examined success ive ly ,  
1, Constant s i z e .  The b u f f e r  can con ta in  exac t ly  r i tems and no 
mare. This  s ta tement  holds  wi th in  any experimental  s i t u a t i o n .  The b u f f e r  
s i z e  w i l l  change when the  type of i tems change. For example, i f  the  i tems 
a r e  s i n g l e  d i g i t s ,  the  b u f f e r  s i z e  might be f i v e ,  but, i f  the  i tems a r e  f i v e -  
d i g i t  numbers t h e  b u f f e r  s i z e  would correspondingly be one. We should 
l i k e  even tua l ly  t o  be a b l e  t o  permanently f i x  t h e  bu f fe r  s i z e  on a more 
molecular b a s i s  than  "items": f o r  example, on some such b a s i s  a s  t h e  auhx.int 
of in format ion  t r ansmi t t ed ,  o r  the length  of t he  aud i to ry  code f o r  t he  
items. This  i s  s t i l l  an  open quest ion and a t  p re sen t  the  b u f f e r  s i z e  must 
be es t imated  s e p a r a t e l y  f o r  each experiment.  
A second important po in t  concerns what we mean by an i tem.  I n  the  ex- 
periments  t h a t  t he  model i s  designed t o  handle t h e r e  i.s a c l e a r l y  separa ted  
s e r i e s  of i n p u t s  and a c l e a r l y  def ined response ,  I n  these cases ,  the "item" 
t h a t  i s  p laced  i n  the  b u f f e r  may be considered t o  be an amount of informa- 
t i o n  which i s  s u f f i c i e n t  t o  allow emission of the  c o r r e c t  response ,  
2 .  Push-down buffer :  temporal order ing .  These two p r o p e r t i e s  a r e  
e q u i v a l e n t .  A s  i t  i s  shown i n  the diagram the spaces i n  the  b u f f e r  (hence- 
f o r t h  r e f e r r e d  t o  as " s l o t s " )  a r e  numbered i.n such a way t h a t  when an i tem 
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Ffg. 2, A f l o w  chart characterizfng inputs to the memory system. 
presented  i t  e n t e r s  the 
t h e  r - 1  s l o t .  The process  cont inues i n  t h i s  manner u n t i l  t he  b u f f e r  
i s  f i l l e d ;  
b a s i s  t o  be descr ibed  s h o r t l y ,  The one t h a t  i s  pushed out  i s  l o s t .  I tems 
s t o r e d  i n  s l o t s  above the  one t h a t  i s  Lost move down one s l o t  each and t h e  
incoming i tem i s  placed i n  the r th s l o t .  Hence i tems i n  t h e  bu f fe r  a t  
any p o i n t  i n  time a r e  temporal ly  ordered:  the  o l d e s t  i s  ir, s l o t  number 1 
and the  newest i n  slot r. It s h o u l d  be noted t h a t  the  l o s t  s t a t e  r e f e r s  
on ly  t o  the  f a c t  t h a t  a? i tem has l e f t  t he  buf fer  and says nothing regard ing  
the  i t e m ' s  presence i n  LTS. 
rth s l o t  and pushes the  preceding i tem down t o  
s t  
a f t e r  t h i s  occurs  each new i tem pushes an  o l d  one out  on a 
3. Buffer s t a y s  f i l l e d ,  Once the  f i r s t  r i tems have a r r i v e d  the  
buf fer  i s  f i l l e d .  
i t e m  a l r eady  i n  the  bu f fe r ;  thus  t h e  buf fer  is always f i l l e d  t h e r e a f t e r ,  
T h i s  s t a t e  of a f f a i r s  i s  assumed t o  hold a s  long as the  s u b j e c t  i s  paying 
a t t e n t i o n .  I n  t h i s  mat te r  we tend t o  follovJ Broadbent (1963j and view the  
b u f f e r  as t h e  input -output  mechanism f o r  information t ransmiss ion  between 
t h e  s u b j e c t  and the  environment, A t  t he  end of  a t r i a l ,  f o r  example, 
a t t e n t i o n  ceases ,  t he  sub jec t  " thinks"  of o t h e r  t h ings ,  and t h e  b u f f e r  
g r a d u a l l y  empties of that t r i a l ' s  i tems.  
Each i tem a r r i v i n g  a f t e r  t h a t  knocks out e x a c t l y  one 
4. Each new i tem bumps ou t  an  old i tem.  T h i s  occurs  only  when the  --- --I- 
b u f f e r  has  been f i l l e d .  The i tem t o  be bumped out  i s  s e l e c t e d  a s  a func t ion  
of  t he  bu f fe r  p o s i t i o n  (which i s  d i r e c t l y  r e l a t e d  t o  t h e  length  of time 
each  i tem has  spent  i n  the  b u f f e r ) .  Let 
K = p r o b a b i l i t y  t h a t  an i tem i n  s l o t  j of a fuli 
2 






l e t  K 
corn s e  K -+ K + + K = 1, s i n c e  e x a c t l y  one i tem i s  l o s t .  
schemes can be proposed f o r  the gene ra t ion  of the  K ' s .  
1 2  r 
The s impies t  
r e q u i r i n g  no a d d i t i o n a l  parameters,  i s  t o  equal ize  the  K ' s :  i o e e >  
= l/r f o r  a l l  j .  
A u s e f u l  one-parameter scheme can be der ived  a s  fol lows:  the  o l d e s t  
i t em ( i n  slot 1) i s  dropped wi th  p r o b a b i l i t y  
then the  i tem i n  p o s i t i o n  2 i s  dropped wi th  p r o b a b i l i t y  6. If the  process  
reaches  the  r s l o t  and i t  a l s o  is passe3 over ,  t h e n  the process  r e c y c l e s  
t o  the  f i r s t  s l o t .  Th i s  process  c o n t h u e s  u n t i l  an i t e m  i s  dropped. Hence 
6. I f  t h a t  i tem i s  not  dropped., -
t h  
It i s  easy t o  see  th.at  as 6 
j ,  which was the  e a r l i e r  case 
the  o l d e s t  i t em i s  always the  
approaches 0, K approaches l/r f o r  a l l .  
mentioned. On t.he o the r  hand, when 6 = 1, 
one l o s t .  In te rmedia te  va lues  of 6 allow a 
j 
bump-out process  between these  two extremes. We wouid expect t h a t  t he  ten-  
dency t o  bump out  t h e  o l d e s t  i tem f i r s t  would depend on such f a c t o r s  a s  the  
s e r i a l  na tu re  of  t h e  t a s k ,  the s u b j e c t ' s  i n s t r u c t i o n s ,  and the  s u b j e c t ' s  
knowledge concerning the  l eng th  of the  l i s t  he 1s t o  remember. 
5. P e r f e c t  r e p r e s e n t a t i o n  of i tems i n  the  b u f f e r .  I tems a r e  always ---- 
encoded c o r r e c t l y  when i n i t i a l l y  p laced  in the bu f fe r .  This ,  of course,  
o n l y  holds  t r u e  for experiments with f a i r l y  slow inpu t s ,  such a s  t h e  
experiment t o  be considered l a t e r  in t h i s  paper ,  
6 .  P e r f e c t  recovery of i tems from t h e  b u f f e r .  I tems s t i l l  i n  t h e  
b u f f e r  a t  t he  time of t e s t  a r e  r e c a l l e d  p e r f e c t l y  ( sub jec t  t o  the  "pe r fec t  
r e p r e s e n t a t i o n "  assumption made above j This  po in t  leads t o  t h e  ques t ion ,  
---- 
5 
"What i s  s t o r e d  i n  t h e  bu f fe r?"  and "What i s  an i tem?' '  I n  terms of t he  
preceding requirement (and i n  accord wi th  the  mathematical  s t r u c t u r e  of 
the  model) w e  may be s a t i s f i e d  w i t h  the  d e f i n i t i o n ,  "a.n i tem i s  t h a t  
amount of information t h a t  allows c o r r e c t  performanc2 a t  the time of t e s t . "  
Because the  model does not r e q u i r e  a more p r e c i s e  s ta tzment  t.han the  above, 
i t  i s  no t  necessary  i n  the  p re sen t  analysLes t o  spell oat  t he  ma t t e r  i n  
d e t a i l .  
(1965) 
be s a t i s f i e d  with the  view t h a t  i tems i n  the  b u f f e r  a r e  a c o u s t i c  mnemonics 
Never the less ,  i n  view of t h e  work of Conrad (L964) Wickelgren 
and o t h e r s  on audi tory  confusions i n  sho r t - t e rm memory, we would 
and a r e  kept  t he re  via r e h z a s s a l ,  a t  l e a s t  f o r  experiments of a v e r b a l  
c h a r a c t e r  e 
7 .  Buffer  i s  unchanged & - the t r a n s f e r  process  -- t o  LTS. We w i l l  say 
more about LTS and t r a n s f e r  t o  i t  i n  the  next  s e c t i o n ,  but  he re  i t  ma,y be 
s a i d  t h a t  whatever t r a n s f e r  takes  p l ace ,  and whenever t h e  t r a n s f e r  taKes 
p l a c e ,  the  b u f f e r  remains unchanged. That i s ,  if a copy of an i tem i s  
p laced  i n  LTS, t h e  i tem remains represented  i n  the  b u f f e r ,  and the  bu f fe r  
remains unchanged. 
-
This  s e t  of seven assumptions c h a r a c t e r i z e s  the  memory b u f f e r ,  Now 
we cons ider  t he  long-term menory system. I n  r e?en t  yea r s  a number of m s t h p -  
ma t i ca l  models f o r  memory and learn ing  have made use of a s t a t e  labe led  
"long-term s t o r e . "  
denote  a completely learned  s t a t e .  LTS i n  t h i s  case 1 s  used i n  a very 
d i f f e r e n t  manner; 
LTS dur ing  the  pe r iod  the  iLem remains i n  the  bu f fe r .  This  in format ion  
may o r  may not  be s u f f i c i e n t  t o  allow r e c a l i  of t he  i tem,  and even i f  
s u f f i c i e n t  information t o  a l low r e c a l i  i s  s to red ,  t he  s J b j e c t  may f a i l  t o  
6 
I n  most of these cases ,  however, the  term i s  iised t o  
informat ion  concerning each i tem i s  p o s t u l a t e d  t o  e n t e r  
r e c a l l  because he s t i l l  must, search LTS f o r  t h e  appropr i a t e  information.  
There a r e  many p o s s i b l e  r ep resen ta t ions  of t he  t r a n s f e r  process  t o  
LTS. Let  e i j  be the  t r a n s f e r  parameter r ep resen t ing  the amount t r a n s -  
ferrecif t o  LTS of an i tem i n  s l o t  i of the  buf fer  between one i tem p re -  
s e n t a t i o n  and the next  i f  t he re  are  c u r r e n t l y  2 i tems i n  the  b u f f e r .  I n  
the  p re sen t  ve r s ion  e i j  
dur ing  each p r e s e n t a t i o n  per iod .  
i s  the  p r o b a b i l i t y  of copying an i tem i n t o  LTS 
For  t h i s  d i scuss ion  we w i l l  assu:ne th3.t 8 does not  depend on the  
p o s i t i o n  i n  the  b u f f e r ,  b u t  does depend on the  number of o the r  i tems 
c u r r e n t l y  i n  the  buf fer .  The j u s t i f i c a t i o n  f o r  t h i s  i s  based on the  amount 
of a t t e n t i o n  t h a t  an  item w i l l  r ece ive  dur ing  each p resen ta t ion  per iod;  
thus  an i tem will r ece ive  r times a s  much a t t e n t i o n  i f  i t  i s  the  dnly  
i t em i n  the  bu f fe r  than i f  a l l  r b u f f e r  p o s i t i o n s  were f i l l e d .  Hence 
8 i s  s e t  equal  t o  e / j .  It i s  f u r t h e r  assumed t h a t  t he re  may be more 
than  one copy of any i tem i n  LTS. S ince  one copy may be,made dur ing  each 
i j  
p r e s e n t a t i o n  per iod ,  t he  maximum number of copies  t h a t  can e x i s t  i n  LTS 
for a p a r t i c u l a r  i t em equals  t he  number of p r e s e n t a t i o n  per iods  t h a t  the  
i t e m  s tayed i n  the  bu f fe r .  
The r e t r i e v a l  r u l e s  a r e  r e l a t i v e l y  simple.  A t  t he  time oE t e s t  any 
i t e m  i n  the  b u f f e r  i s  r e c a l l e d  p e r f e c t l y .  I f  the  i tem i s  not p re sen t  
i n  t h e  b u f f e r  then  a search  of LTS i s  ma3e. I f  t h e  i tem i s  found i n  LTS 
i t  i s  r e c a l l e d ;  if no t ,  then  the s u b j e c t  guesses ,  The search  process  the  
s u b j e c t  engages i n  i s  pos tu l a t ed  t o  be a search  made uniformly with 
replacement from the  pool  of items i n  LTS which a r e  not i n  the  bu f fe r .  
(An a l t e r n a t i v e  scheme i s  t o  pick from a l l  the  i tems i n  LTS, which g ives  
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I - -  
very  similar r e s u l t s  t o  those  given by the  s t a t e d  scheme.) 
t he  sub jec t  i s  s a i d  t o  make R random p icks  i n  LTS; i f  none of these  
picks f i n d s  t h e  d e s i r e d  i tem,  i t  i s  r epor t ed ;  otherwise t h e  subJec t  guesses ,  
The mathematical  development of t h i s  model i s  presented  i n  Atkinson 
I n  p a r t i c u l a r ,  
and S h i f f r i n  (1965). For  p re sen t  purposes,  i t  i s  s u f f i c i e Q t  t o  note  t h a t  
t h e r e  a r e  f o u r  parameters  a v a i l a b l e  t o  f i t  the  data: s, the  b u f f e r  s i z e ;  
8, t he  t r a n s f e r  p r o b a b i l i t y ;  6 ,  the  tendency t o  bump out, the  o l d e s t  i tem 
i n  the  b u f f e r  f i r s t ;  and R, t h e  number of searches  i n t o  LTS, 
We now t u r n  t o  an experiment i n  human pa i r ed -as soc ia t e  memory ( P h i l l i p s ,  
S h i f f r i n ,  and Atkinson, 1967). 
d i s c r e t e  t r ia l s .  On each t r i a l  a d i s p l a y  of i tems was presented .  A d i s -  
p l a y  cons i s t ed  of a s e r i e s  of cards  each conta in ing  a smal l  colored pa tch  
on one s i d e .  Four c o l o r s  were used: b lack ,  whi te ,  b lue ,  and green.  The 
ca rds  were presented  t o  the subjec t  a t  a r a t e  of one card  every two seconds. 
The s u b j e c t  named the  co lo r  of each card  as i t  was presented .  Once t h e  
c o l o r  of t he  card had been named by the  sub jec t  i t  was p laced  face  down 
on a display board so t h a t  t h e  co lor  was no longer  v i s i b l e ,  and the  next 
ca rd  was presented .  A f t e r  p r e s e n t a t i o n  of the  l a s t  card  i n  a d i s p l a y  the  
c a r d s  were i n  a s t r a i g h t  row on the d i s p l a y  board: the  card p re s rn t ed  
f i rs t  was t o  t h e  s u b j e c t ' s  l e f t  and the  most r e c e n t l y  presented  card t o  
t h e  r i g h t .  The t r i a l  terminated when the  experimenter po in ted  t o  one o f  
t h e  ca rds  on the  d i s p l a y  board,  and t he  sxb jec t  a t tempted t o  r e c a l l  the  
c o l o r  of t h a t  ca rd .  The s u b j e c t  was i n s t r u c t e d  t o  guess  t h e  co lo r  i f  ~ n -  
c e r t a i n .  
The experiment involved a long s e r i e s  of 
Following the s u b j e c t ' s  resporlsz, the expevimenter informed %he s u b -  
j e c t  of the  c o r r e c t  answer, Tk,e d i sp l ay  s i z e  (list Leygth) will be denoted 
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a s  d .  The va lues  of d used i r ?  t he  experiment were 3, 4, 5, 6, 7 ,  8, 11, 
and 14. 
d i s p l a y  board,  so t h a t  t he  s J b j e c t  knew a t  the s t a v t  of each d i sp lav  ?cw 
long t h a t  par tLcular  d i s p l a y  would be .  Twenty s u b j e - t s ,  a l l  females ,  were 
run for a t o t a l  of f i v e  se s s ions ,  approximately 70 t r i a l s  pe r  sessio~,. 
Each d i sp lay :  r ega rd le s s  of s i z e ,  ended a t  t h e  same p lace  on the  
F igure  3 p resen t s  the  p-oportion of c o r r e c t  respocses  a s  a func t ion  
of the  t e s t  p o s i t i o s  i2 the  d i s p l a y ,  
because performance was essent , ia l ly  p e r f e c t  f o r  tLese Lases Observed 
p o i n t s  f o r  
o the r  p o i n t s  a r e  based on 100 observa t ions  S e r i a l  p o s i t i o n  1 des ignafes  
a t e s t  on the  most r e c e n t l y  pyesented Ltem. These d a t a  i r ld ica te  t h a t  f o r  
a f i x e d  d i s p l a y  s i z e ,  the p r o b a b i l i t y  of a c o r r e c t  response decreases  t o  
some minimum value  and then i n c r e a s e s ,  T k d s  t he re  i s  a ve ry  powerfdl 
recency e f f e c t  a s  w e l l  a s  a s t rong primacy e f f e c t  over a wide range of 
d i s p l a y  s i z e s .  Note a l s o  t k a t  tk.e z e c e x y  p a r t  of each curve i s  S-shaped 
and could not  be well  descr ibed  by an exponent ia l  f- inctior?.  Reference t o  
F i g .  3 a l s o  i n d i c a t e s  t h a t  t he  o v e r a l l  propol-tion c o r r e c t  i s  a decreas ing  
f u n c t i o n  of d f sp lay  s i z e .  
Dlsp lay  s;zes 3 a?d 4 a r e  ?ot  grapbed 
d = 8,  11, and 14 a r e  bhsed on 120 observa t lons ,  whereas a l l  
2 
The model was f i t  t o  the data  us ing  a minimum chi -scpare  technique.  
The d e t a i l s  a r e  presented  i n  A tk iwon  and Sh i f f r i r l  (1965) e 
be poin ted  ou t  here  t h a t  t he  value of r was s e t  equal  t o  ‘5 before the  
minimizat ion tecause  performance was e s s e n t i a l l y  e r r o r  f r e e  for  l i s t  ler,gths 
It w i l l  merely 
of  5 and l e s s .  The o the r  t h r e e  parameters were f i t  us ing a g r i d  searzh 
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Fig.  3. Goodness-of-fit r e s u l t s  for t h e  pafred-associate  memory experiment. 
procedure on a computer. The parameter e s t ima tes  were a s  fo l lows:  
h 
6 = .39 
e = .72 
h 
The p red ic t ed  curves a r e  given i.n F i g ,  3. It  should be emphasized 
t h a t  the  same 4 parameters a r e  used t o  f i t  t he  s e r i a l  p o s i t i o n  curves f o r  
a l l  f i v e  l i s t  l eng ths .  It can be seen t h a t  t he  f i t  i s  q u i t e  good w i t h  a 
minimum chi-square of 46.2 based on 43 degrees  of freedom. 
We have ou t l ined  only one example of how t h i s  model can be appl ied 
t o  data. Other a p p l i c a t i o n s  of the model have been made inc luding  expe r i -  
ments involving a cont inuous-presenta t ion  memory t a s k ,  f r e e - v e r b a l  r e c a l l ,  
pa i r ed -as soc ia t e  learning,and s e r i a l - a n t i c i p a t o r y  l ea rn ing ;  a l s o ,  t he  model 
has  been used t o  p e r d i c t  no t  only response p r o b a b i l i t i e s ,  but  confidence 
r a t i n g s  and l a t ency  d a t a .  Time does no t  permit  LIS t o  p re sen t  these  develop- 
ments here ;  for a review of such a p p l i c a t i o n s  see  Atkinson and S h i f f r i n  
(1965), Atkinson,  Brelsford,  and S h i f f r i n  (1967) , Bre l s fo rd  and Atkinson 
(1967), and P h i l l i p s ,  S h i f f r i n ,  and Atkinson (1967) I n  conclusion,  i t  
should be poin ted  ou t  t h a t  of a l l  the  assumptions in t roduced ,  t h ree  a r e  
c r u c i a l  t o  the  theory .  F i r s t  i s  the  s e t  of b u f f e r  assumptions; i . e . ,  
cons t an t  s i z e ,  push-down l i s t ,  and so on. Second i s  the  assumption t h a t  
items can be i n  the bu f fe r  and LTS s imultaneously.  Third i s  what was c a l l e d  
t h e  r e t r i e v a l  process-- the hypothesis  that. t he  decrement i n  r e c a l l  caused 
by inc reas ing  t h e  l i s t  l eng th  occurs a s  the  r e s u l t  of an imperfect  search  
of LTS a t  the  time of t e s t .  Within t h i s  framework, we f e e l  t h a t  a number 
of t he  r e s u l t s  i n  memory and learn ing  can be descr ibed  i n  q u a n t i t a t i v e  
d e t a i l .  
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